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To investigate the effects of co-exposure to biomechanical wrist stressors and chemicals on
the risk of CTS in a large cohort of French workers.
Methods
Prospective study using the data collected at baseline and at the first 12 month-follow-up
for the 18,018 participants included in the population-based Constances cohort between
2012 and 2015. CTS at follow-up and exposure to biomechanical wrist stressors and
chemicals at baseline were assessed using a self-administered questionnaire. Associa-
tions between CTS and co-exposure to biomechanical wrist stressors and chemicals
were studied using multivariate logistic regression models, adjusted for personal/medical
factors.
Results
184 men (2.1%, 95%CI 1.8–2.4) and 331 women (3.6%, 3.2–3.9) free from chronic hand
symptoms at baseline declared suffering from unilateral/bilateral CTS at follow-up. A poten-
tiating effect of co-exposure to biomechanical wrist stressors and chemicals on the risk of
CTS was found for both genders, with higher OR in the co-exposure group (OR = 3.38
[2.29–5.01] in men and OR = 4.12 [2.73–6.21] in women) than in the biomechanical expo-
sure group (OR = 2.14 [1.51–3.03] in men and OR = 2.19 [1.72–2.78] in women) compared
to no exposure group.
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Conclusions
The study showed an association between CTS and co-exposure to biomechanical wrist
stressors and chemicals, after adjustment for the main personal and medical factors. This
finding should be confirmed using more objective case definition of CTS and assessment
of the chemical exposure before drawing conclusions on the possible synergistic effects of
mechanical stressors and chemical on the median nerve.
Introduction
Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy in the general
population as well as the working population [1]. CTS is a leading cause of surgery and occu-
pational diseases (OD) in many industrialized countries [1,2].
CTS is responsible for numbness, tingling, or burning sensation, and/or pain in the median
nerve innervated areas of the hand. CTS could lead to decreased digit force production and
dexterity impairing precision pinch movements and fine manual tasks during working and
daily activities [3].
Certain personal characteristics (e.g., age, gender) [4,5] and medical conditions (e.g., obe-
sity, diabetes mellitus, arthritis) [6–8] increase the risk of CTS. Working conditions exposing
workers to biomechanical stressors are known to increase the incidence of CTS, namely repeti-
tive movements, hand-arm transmitted vibration, and forceful manual exertion [1,9–14]. The
relationships between CTS and work-related psychological stressors, such as job stain, are less
well established [15,16]. In contrast to personal and medical risk factors for CTS, occupational
risk factors can be modified by preventive interventions in the workplace.
Most studies on CTS focused on the personal factors and work-related exposure to bio-
mechanical and psychosocial stressors, while workers are often co-exposed to biomechanical
stressors, psychosocial factors, and chemical agents in the real working conditions. This is par-
ticularly true in some occupations and industry sectors at high risk for CTS (e.g., construction
and cleaning sectors), and justifies an integrative approach of the work exposure [17,18]. We
still lack epidemiological data on the possible impact of chemical exposure on the risk of CTS,
despite the potential neurotoxic effects of some chemicals (e.g., n-hexane) [19–22]. The fre-
quent biomechanical and chemical co-exposure [23] raises the question of potential synergistic
effects of mechanical stressors and neurotoxic chemicals on the risk of CTS according to sev-
eral putative mechanisms. Exposure to chemicals may generate diffuse subtle nerve damage
rendering the median nerve more prone to entrapment at the carpal tunnel. This may potenti-
ate, as is suggested for diabetic polyneuropathy, the effects of mechanical stress during tasks
exposing to both biomechanical wrist stressors and neurotoxic chemicals [24,25].
A scoping review executed through PubMed on November the 9th 2019, using the MeSH
Term “carpal tunnel syndrome” and some terms referring to neurotoxic agents (chemical sub-
stance� OR insecticide� OR lead poisoning [MH] OR neurotoxi� OR particulate OR pesticide�
OR pollution OR solvent� OR toxic), permitted us to retrieve 68 citations. Out of these cita-
tions, 6 articles seemed to be pertinent in some way. The oldest one was by Bleecker in 1986,
the author proposed to examine the vibration perception of workers co-exposed to neurotoxic
agents and to biomechanical overload of hand and forearm, with the aim to consider the
possible co-presence of damages due to chemical substances and to nerve compression [26].
Among the others papers, two were regarding co-exposure to pesticides [27,28], one was
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concerning the low-level chronic exposure to lead [29], one was on Toxic Oil Syndrome [30],
and the last-one regarded particulate matter [31].
The present study aimed to investigate prospectively the effects of co-exposure to bio-
mechanical wrist stressors and chemicals on the risk of CTS in a large cohort of French workers.
The main hypothesis of the study was a potentiating effect of co-exposure to biomechanical
wrist stressors and potentially neurotoxic chemicals on the risk of CTS.
Methods
Study population
The Constances study was approved by authorities regulating ethical data collection in France
(CCTIRS: Comité Consultatif pour le Traitement des Informations Relatives à la Santé; CNIL-
Commission Nationale Informatique et Liberté) and all participants signed an informed
consent.
The Constances cohort is a national population-based cohort of randomly recruited partici-
pants, including volunteers aged 18–69 years at baseline recruited in 22 selected Health Screen-
ing Centers (HSC) from the principal regions of France [32]. Using a random sampling
strategy stratified according to unequal inclusion probabilities, participants were invited to
participate, with a response rate of 7.3% [32]. At inclusion, the selected subjects are invited to
complete questionnaires and to attend a HSC for a comprehensive health examination. The
follow-up includes a yearly self-administered questionnaire [32].
Data
The present study used the data collected by questionnaire at baseline and at the first 12
month-follow-up for the 39,487 participants included between 2012 and 2015 (S1 Fig and S1
File). We excluded subjects with the following characteristics at baseline: 1) participants pro-
fessionally non active at baseline (n = 14,240), 2) self-declared CTS or chronic hand symptoms
at baseline (n = 2,295), 3) pregnant women at follow up (n = 333) and 4) workers with missing
data for at least one of the variables studied (n = 4,601). Finally, 18,018 persons (8,733 men
and 9,285 women) with complete data have been included in the study.
Risk factors at baseline
Personal and medical risk factors. Age was dichotomized in two classes (< 45 yrs,� 45
yrs). Body mass index (BMI) was categorized in three classes (< 25,� 25–30,� 30 Kg/m2).
The information on diabetes mellitus and rheumatoid arthritis (whether requiring prescrip-
tion drugs or not) was grouped in a new variable (medical problems) due to the small number
of cases. Alcohol use disorders (Alcohol Use Disorders Identification Test (AUDIT-C)) [33]
were self-assessed.
Work-related psychosocial factor. Effort–reward imbalance (ERI) was assessed at base-
line using the French short version of the Siegrist’s questionnaire [34].
Work-related biomechanical stressors. Biomechanical exposure in the 12 month period
preceding baseline was assessed by questionnaire using definitions of the European criteria
document for the relatedness of MSDs [35].
“Biomechanical wrist exposure” was defined as exposure to at least one of the following
factors:
1. High biomechanical perceived exertion (score�12 on the Borg rating of Perceived Exertion
scale (20-RPE), graduated from 6 (‘very, very light’) to 20 (‘maximum exertion’)).
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2. Repetitive hand movements (performing more than two actions per minute for more than 4
hours / day),
3. Hand-transmitted vibrations (use of a vibrating hand-tool for more than 2 hours / day),
4. Awkward wrist postures (repetitive or sustained wrist bending for more than 2 hours / day),
5. Repetitive pinching (holding tools/objects in a pinch grip for more than 4 hours / day),
Work-related exposure to chemicals. Six potentially neurotoxic chemical product groups
were identified among the 36 chemicals (generic names) and mixtures of chemicals under
study according to several classification methods of neurotoxicity [18–22,36,37]: trichloroethy-
lene, white spirit (mineral spirits), cellulosic diluent, paints and varnishes, inks and dyes, and
pesticides (weed killers, insecticides, fungicides). Chemical exposure to at least one of the six
potentially neurotoxic chemicals was assessed for each respondent’s entire occupational life.
An exposure variable to biomechanical wrist stressors and chemicals was created according
to the four following categories:
1. No exposure group: no exposure to any of the five biomechanical wrist stressors and no
exposure to any of the six chemicals,
2. Chemical exposure group: only exposure to at least one of the six chemicals,
3. Biomechanical exposure group: only exposure to at least one of the five biomechanical wrist
constraints,
4. Co-exposure group: exposure to both biomechanical wrist stressors (at least one of the five)
and chemicals (at least one of the six).
Outcome at follow-up
At the 12-month follow-up, 49 health problems were self-assessed via a self-administered ques-
tionnaire. CTS was assessed by answering the question: “Do you suffer or have you suffered
from CTS in the last 12 months (whether CTS required sick leave or not and/or treatment or
not)?”.
Statistical analyses
Comparison between men and women were studied by Chi-squared or Fisher’s exact tests.
Univariate logistic regression analyses were run to test the associations between the occur-
rence of CTS and potential risk factors at baseline in men and women separately [38]. Then,
five multivariate logistic regressions were performed:
• Model 1: Including personal and medical risk factors; all personal and medical factors were
forced into the models because of their well-known association with CTS in the literature
(e.g. age, BMI, medical problems, current alcohol consumption). High effort-reward imbal-
ance (ERI ratio > 1) was retained in the models because of association with CTS (p<0.20) in
the univariate analysis.
• Model 2: Biomechanical wrist exposure added to model 1;
• Model 3: Chemical exposure added to model 1;
• Model 4: Exposure to biomechanical wrist stressors and chemical exposure including a co-
exposure group added to model 1 to assess the effect of co-exposure.
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Interaction between biomechanical wrist exposure and chemical exposure was tested and
was not significant (p = 0.300 in men and p = 0.205 in women). A sensitivity analysis was
performed for a subpopulation restricted to low-grade white-collar workers and blue-collar
workers. All analyses were performed using SAS 9.4 using the logistic procedure. Results are
presented as Odds ratio (OR) with their 95% confidence intervals (95% CI). A p value <0.05
was considered as statistically significant.
Results
Participant characteristics
A description of the 8,733 men and 9,285 women is given in Table 1. The majority of men
were managers, professionals (48.9%), and professional or technical workers (25.6%) and, to a
lesser extent, blue collar workers (15.0%) and lower-level white-collar workers (8.9%). The
majority of women were professional or technical workers (38.4%), managers, teachers
(30.9%), and lower-level white-collar workers (27.7%); few women were blue-collar workers
(2.4%) (Table 1).
184 men (2.1%, 95% CI 1.8–2.4) and 331 women (3.6%, 95% CI 3.2–3.9) free from chronic
hand symptoms at baseline declared suffering from unilateral/bilateral CTS at follow-up,
whether CTS required sick leave or not and/or treatment or not.
The prevalence of obesity (BMI�30) was relatively low (men, 9.2% and women, 9.2%),
contrary to the prevalence of overweight (BMI�25 and <30) in men (38.0%) and, to a lesser
extent, in women (20.5%). Few men (2.5%) and women (2.0%) suffered from diabetes mellitus
and/or rheumatoid arthritis. A minority of men (10.0%) and women (4.0%) suffered from
alcohol used disorders (Table 1).
Regarding exposure to work-related psychosocial factor, high effort–reward imbalance
(ERI ratio > 1) was reported by almost half of the workers (men, 46.4%, women, 51.3%).
Regarding exposure to biomechanical wrist stressors (in the 12 month period preceding
baseline), almost 4 out 10 workers (men, 37.9%, women, 42.1%) were exposed to at least one of
the five biomechanical wrist stressors under study. The main biomechanical stressors were
high perceived biomechanical exertion (men, 28.2%, women, 28.8%), repetitive hand move-
ments (men, 10.4%, women, 15.2%), frequent awkward wrist postures (men, 11.0%, women,
9.1%), repetitive/forceful pinch grips (men, 5.1%, women, 6.8%), and hand-transmitted vibra-
tions (men, 5.1%, women, 1.2%) (Table 1).
Regarding exposure to chemical exposure (for the entire occupational life), 17.7% of men
and 5.7% of women were or have been exposed to at least one of the six potentially neurotoxic
chemical products under study during their entire working life (Table 1). The main exposure
concerned trichlorethylene (men, 6.8%, women, 1.4%) and white spirit (mineral spirit) (men,
7.4%, women, 1.4%), paints and varnishes (men, 7.6%, women, 2.1%), and pesticides (men,
4.0%, women, 1.4%). (See Table 1 for more details).
Regarding exposure to biomechanical wrist stressors and chemicals, the majority of men
(55.3%) and women (55.9%) were unexposed to both biomechanical stressors and chemicals
(no exposure group), 6.8% of men and 2.0% of women uniquely to chemicals (chemical expo-
sure group) and 27.0% of men and 38.4% of women were uniquely exposed to biomechanical
wrist stressors (biomechanical exposure group). Only 10.9% of men and 3.7% of women
were co-exposed to chemical agents and biomechanical wrist stressors (co-exposure group)
(Table 1).
As shown in S1 Table, the four groups differed according to the distribution of the occupa-
tional category with a higher proportion of blue-collar workers in the co-exposure group.
The difference between the distribution of personal risk factors for CTS (age, overweight, and
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Table 1. Personal/medical factors and exposure to work-related factors in men and women.
Men (N = 8,733) Women (N = 9,285) pa
n % n %
Personal/medical factors
Self-declared CTS 184 2.1 331 3.6 <0.001
Age 45 or over (yrs) 4,598 52.7 4,571 49.2 <0.001
Diabetes and/or rheumatoid arthritis 222 2.5 189 2.0 0.023
Body mass index (BMI, kg/m2) <0.001
Lean/normal < 25 4,614 52.8 6,529 70.3
Overweight [25–30] 3,316 38.0 1,901 20.5
Obesity� 30 803 9.2 855 9.2
Alcohol consumption <0.001
Abstinence 403 4.6 743 8.0
Consumption without risk 2,954 33.8 5,655 60.9
Consumption with low risk 4,505 51.6 2,519 27.1
Alcohol use disorders 871 10.0 368 4.0
Occupational category (Nmiss: 2459) <0.001b
1—Farmers 2 0.0 2 0.0
2 –Craftsmen, salesmen and managers 109 1.7 49 0.6
3 –Professionals 3,224 48.8 2,340 30.9
4—Technicians and associate professionalsc 1,691 25.6 2,914 38.4
5 –lower-level white-collar workers 585 8.9 2,097 27.7
6 –Blue collar workersd 989 15.0 183 2.4
Work-related psychosocial factor
Effort-reward imbalance ratio >1 4,051 46.4 4,762 51.3 <0.001
Work-related biomechanical stressors
Biomechanical exposure (at least one of the following factor) 3,309 37.9 3,911 42.1 <0.001
High physical perceived exertion (RPE�12) (Nmiss: 65) 2,450 28.2 2,665 28.8 0.342
Repetitive hand movements (Nmiss: 142) 902 10.4 1,400 15.2 <0.001
Repetitive pinching (Nmiss: 105) 445 5.1 626 6.8 <0.001
Awkward wrist postures (Nmiss: 117) 957 11.0 838 9.1 <0.001
Hand-transmitted vibrations our (Nmiss: 92) 443 5.1 111 1.2 <0.001
Cumulated exposure to biomechanical stressors (Nmiss: 378) <0.001
Exposure to 1 factor 2,003 63.7 2,531 68.4
Exposure to 2 factors 662 21.1 774 20.9
Exposure to 3 factors 322 10.2 297 8.1
Exposure to 4 or more factors 156 5.0 97 2.6
Work-related exposure to chemicals
Chemical exposure (at least one of the following chemicals) 1,543 17.7 531 5.7 <0.001
Trichlorethylene 597 6.8 128 1.4 <0.001
White (mineral) spirit 642 7.4 133 1.4 <0.001
Cellulosic diluent 333 3.8 56 0.6 <0.001
Pesticides 352 4.0 134 1.4 <0.001
Paints, varnishes 665 7.6 195 2.1 <0.001
Inks, dyes 203 2.3 139 1.5 <0.001
Cumulated exposure to chemicals <0.001
Exposure to 1 chemical 824 53.4 364 68.5
Exposure to 2 chemicals 370 24.0 107 20.2
Exposure to 3 chemicals 209 13.6 38 7.2
(Continued)
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obesity) in the exposure groups were not clinically significant. In men, exposure to each of the
five biomechanical wrist stressors differed between the co-exposure and the biomechanical
exposure groups, with lower repetitive hand movements in the co-exposure group, and higher
repetitive pinching, awkward wrist postures, biomechanical perceived exertion and, above all,
hand-transmitted vibrations. In women, the prevalence did not differ for repetitive pinching,
while exposure to repetitive hand movements, awkward wrist postures, hand-transmitted
vibrations and high biomechanical perceived exertion were more frequent in co-exposed
women. Exposure to some chemicals differed between the chemical exposure and co-exposure
groups for both genders, including white spirit, diluents, and paints in men, and pesticides,
ink and dyes in women.
Risk models for CTS
Tables 2 and 3 show the multivariate risk models for CTS adjusted on personal and medical
factors (model 1), exposure to biomechanical wrist stressors (model 2), chemicals (model 3),
and exposure to biomechanical wrist stressors and chemicals (model 4).
Concerning personal/medical factors, age> 45 yrs was associated with CTS, with similar
odds ratios for all models: ~1.7 for men and 1.5 for women. No statistical association was
found with diabetes mellitus and/or rheumatoid arthritis for both genders, regardless of the
model. High BMI was associated with CTS, with OR for overweight and obesity reaching ~ 1.4
and ~1.9 in men and ~ 1.3 and ~1.9 in women, respectively. Alcohol use disorders was not
associated with CTS in either gender (Tables 2 and 3).
Concerning psychosocial work-related factors, high effort–reward imbalance (ERI ratio> 1)
was associated with CTS in women, regardless of the model (OR ~ 1.5–1.6, p<0.001). The asso-
ciation in men was less strong (OR ~1.3) and not statistically significant for all models.
Concerning biomechanical work-related stressors, CTS was associated with exposure to at
least one biomechanical wrist stressor for both genders (p<0.001) after adjustment for per-
sonal/medical factors (model 2, OR = 2.49 [1.85–3.37] in men and OR = 2.36 [1.87–2.97] in
women).
Table 1. (Continued)
Men (N = 8,733) Women (N = 9,285) pa
n % n %
Exposure to 4 chemicals 104 6.7 17 3.2
Exposure to 5 or more chemicals 36 2.3 5 0.9
Biomechanical-chemical exposure <0.001
No exposure group 4,833 55.3 5,188 55.9
Chemical exposure group 591 6.8 186 2.0
Biomechanical exposure group 2,357 27.0 3,566 38.4
Co-exposure group 952 10.9 345 3.7
CTS: carpal tunnel syndrome; Nmiss: Number of missing values.
a In bold, p < 0.05.
b Fisher’s test.
c Technicians and associate professionals perform mostly technical and related tasks and teach at certain educational levels. Most occupations in this group require skills
at the third ISCO level (education which begins at the age of 17 or 18 years and leads to an award not equivalent to a first university degree).
d The blue collar worker’ category includes skilled agricultural, forestry and fishery workers (ISCO-08 group 6) and agricultural, forestry and fishery labourers (ISCO-08
group 9, elementary occupations).
https://doi.org/10.1371/journal.pone.0235051.t001
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Table 2. Univariate and multivariate risk models for CTS in men (N = 8,733).
Univariate Model 1a Model 2b Model 3c Model 4d











Age 45 or over (yrs) <0.001 0.002 0.001 0.002 0.001
No 4,135 63 1.5 1 1 1 1 1












0.749 0.431 0.400 0.441 0.429
No 8,511 180 2.1 1 1 1 1 1










Body mass index (BMI, kg/
m2)
<0.001 0.005 0.014 0.009 0.016
Lean/normal < 25 4,614 73 1.6 1 1 1 1 1




















Alcohol consumption 0.598 0.478 0.536 0.524 0.541
Abstinence 403 9 2.2 1 1 1 1 1
Consumption without
risk


































0.112 0.137 0.242 0.171 0.246
No 4,682 88 1.9 1 1 1 1










Biomechanical exposure <0.001 <0.001
No 5,424 73 1.3 1 1




Chemical exposure <0.001 0.001
No 7,19 131 1.8 1 1







No exposure group 4,833 64 1.3 1 1 <0,001
Chemical exposure
group














OR: odds-ratio; 95% CI: 95% confidence interval; BMI: body mass index.
a Model 1: Including personal and medical risk factors.
b Model 2: Biomechanical wrist exposure added to model 1.
c Model 3: Chemical exposure added to model 1.
d Model 4: Exposure to Biomechanical wrist stressors and chemical exposure including a co-exposure group added to model 1.
e In bold, p < 0.05.
https://doi.org/10.1371/journal.pone.0235051.t002
PLOS ONE Carpal tunnel syndrome and exposure to work-related ergonomic stressors and chemicals
PLOS ONE | https://doi.org/10.1371/journal.pone.0235051 June 25, 2020 8 / 16
Table 3. Univariate and multivariate risk models for CTS in women (N = 9,285).
Univariate Model 1a Model 2b Model 3c Model 4d











Age 45 or over (yrs) <0.001 <0.001 0.001 <0.001 0.001
No 4,714 133 2.8 1 1 1 1 1













0.916 0.599 0.553 0.587 0.553
No 9,096 324 3.6 1 1 1 1 1












<0.001 <0.001 0.001 <0.001 0.001
Lean/normal < 25 6,529 199 3.0 1 1 1 1 1
Overweight [25–
30[






















0.268 0.492 0.618 0.473 0.624
Abstinence 743 33 4.4 1 1 1 1 1
Consumption
without risk




































<0.001 <0.001 <0.001 <0.001 <0.001
No 4,523 125 2.8 1 1 1 1 1













No 5,374 120 2.2 1 1




Chemical exposure <0.001 <0.001
No 8,754 295 3.4 1 1









5,188 116 2.2 1 1
Chemical
exposure group
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Concerning chemical exposure, an increased risk of CTS was observed in workers exposed
to chemicals after adjustment for personal/medical factors (model 3) in men (OR = 1.77 [1.28–
2.46]) and women (OR = 2.00 [1.39–2.86]).
As shown in model 4, a statistically significant association (p<0.001) was found for both
genders between CTS and co-exposure to biomechanical wrist stressors and chemicals, with-
out increased risk in the chemical exposure group (without exposure to biomechanical activ-
ity). The risk of CTS approximately doubled in the biomechanical exposure group (OR = 2.14
[1.51–3.03] in men and OR = 2.19 [1.72–2.78] in women) and approximately tripled in men
(OR = 3.38 [2.29–5.01]) and quadrupled in women (OR = 4.12 [2.73–6.21] in the co-exposure
group compared to non-exposed workers, after adjustment for personal/medical factors and
ERI ratio. The study showed a higher risk of CTS for workers co-exposed to biomechanical
wrist stressors and neurotoxic chemicals in comparison to those uniquely exposed to bio-
mechanical wrist stressors (p = 0.021 in men and p = 0.002 in women) or solely exposed to
chemicals (p = 0.0001 in men and p = 0.006 in women). As shown in S2 and S3 Tables, the risk
models were globally similar when the population studied was restricted to male and female
lower-level white-collar workers and blue-collar workers.
Discussion
At our knowledge, this is the first time that a study investigated prospectively the effects of co-
exposure to biomechanical wrist stressors and chemicals on the risk of CTS. Our study in a
large cohort of French professionally active adults found consistent associations between CTS
and co-exposure to biomechanical wrist stressors and chemicals in both genders after adjust-
ment for the personal and medical factors and ERI ratio. Importantly, the risk of CTS was
approximately tripled or quadrupled in the co-exposed men and women, while it was doubled
for those uniquely exposed to biomechanical wrist stressors.
Results
The incidence of CTS in the Constances cohort was of the same order of magnitude as found
in a previous French cohort conducted among the general working population of a French
region [39]. The higher incidence of CTS observed in women, as the higher risk of incident
CTS in older workers, are in line with previous longitudinal studies in the general [2,4,40,41]
and working populations [12,39,42–44]. No statistical association was found with diabetes
mellitus and/or rheumatoid arthritis, contrary to some epidemiological studies in the general
population [7,9]. The study confirms previous epidemiological studies showing an association
Table 3. (Continued)
Univariate Model 1a Model 2b Model 3c Model 4d

















OR: odds-ratio; 95% CI: 95% confidence interval; BMI: body mass index.
a Model 1: Including personal and medical risk factors.
b Model 2: Biomechanical wrist exposure added to model 1.
c Model 3: Chemical exposure added to model 1.
d Model 4: Exposure to Biomechanical wrist stressors and chemical exposure including a co-exposure group added to model 1.
e In bold, p < 0.05.
https://doi.org/10.1371/journal.pone.0235051.t003
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between CTS, overweight and above all obesity [6,12,44]. Adipose tissue within the carpal tun-
nel may gradually tighten the tunnel and increase the intracarpal pressure [45]. Obesity, as a
component of the metabolic syndrome, may be associated with peripheral neuropathy, that
can render the median nerve more vulnerable for compression within the carpal tunnel and
against the volar ligament [6]. No increase of the risk of CTS was observed between CTS and
alcohol use disorders contrary to some findings in the general population [41,46].
The study confirms the association of CTS with repetitive and/or forceful hand movements,
wrist bending and hand-transmitted vibrations reported in the literature [1,10–14]. Bio-
mechanical stressors can increase the pressure in the carpal tunnel at the wrist and lead to
mechanical injury due to traction and contact stress on the median nerve [47]. The association
found between CTS and effort-reward imbalance in women agrees with some epidemiological
studies showing an association between CTS and work-related psychological factors, although
most of them concerned the demand-control model and not the ERI model of stress at work
[10,11,15,16,48].
The study showed, in both genders, a higher risk of CTS for workers co-exposed to bio-
mechanical wrist stressors and neurotoxic chemicals in comparison to those uniquely exposed
to biomechanical wrist stressors or solely exposed to chemicals, after adjustment for the main
confounding factors.
Little epidemiological data is available on the impact of chemical exposure on the risk of
CTS despite their potential neurotoxicity [20–22,26–29,31,36,37,49]. Chemical exposure was
taken into account in a case-control study of CTS conducted in the general population of Wis-
consin, but no significant association was found with CTS after adjustment for the main per-
sonal, medical and biomechanical risks [50]. A descriptive study conducted in Israeli workers
exposed to prolonged low-level organophosphate exposure reported an increased risk of CTS-
like symptoms [28]. Systemic peripheral neuropathies (e.g., diabetic polyneuropathy) are
known to generate and diffuse subtle nerve damage, thus rendering the median nerve more
vulnerable for compression within the carpal tunnel and against the volar ligament in the case
of overexposure to biomechanical stressors [25,51]. According to the same reasoning, exposure
to chemicals may generate subclinical changes of the median nerve [28] potentiating the
mechanical stress on the nerve in cases of co-exposure to biomechanical wrist stressors. Beside
impairments of the peripheral nervous system, subclinical changes of the central nervous sys-
tem (CNS) may occur in workers exposed to neurotoxic chemicals decreasing the fine motor
skills and sensorimotor control of finger force production [52,53]. Such CNS impairments,
the most severe form being chronic solvent induced encephalopathy (CSE), may contribute to
decreased motor control of finger force production and dexterity in workers performing repet-
itive prehensile movements, leading to lower dexterity and inefficient working performance
[3]. This, in turn, may generate higher biomechanical wrist stressors and mechanical stress of
the median nerve accentuating the risk of CTS in workers co-exposed to biomechanical wrist
stressors. [3].
The higher risk of CTS in the co-exposure group may reflect synergic effects of bio-
mechanical stressors and chemicals. We cannot exclude that exposure to chemicals might
also be a marker for greater hand force being used at work. Given the rather crude self-
reported hand-wrist exposure data, it may be that part of the effect of combined exposure is
actually due to greater hand-wrist exposures. Indeed, the proportion of blue-collar workers
was higher among the co-exposed and it would expect that blue-collar workers were more
likely to report chemical exposure, and may have more strenuous hand use than white collar
workers reporting the same level of hand use. Nevertheless, the risk models were globally
similar when the population studied was restricted to lower-level white-collar workers and
blue-collar workers.
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Strengths and limitations of the study. The prospective design is one of the major
strengths of the study. The Constances cohort includes a large sample of employed men and
women of various age groups from different regions in France, covering a variety of occupa-
tional groups. The cohort provides a comprehensive assessment of socio-demographic, occu-
pational and biomedical data meeting high quality standards of data collection, most of the
measures having been validated in previous investigations [32]. The study sample does not
represent the whole structure of professions and occupations in France as it practically
excludes self-employed persons and farmers. The potential selection effects due to voluntary
participation do not threaten the generalizability of results according to preliminary results of
the comparison between Constances’ volunteers and a ‘control cohort’ of 400,000 nonpartici-
pants [32], [54]. Thus, the low response rate may not affect the reported associations between
co-exposure to biomechanical stressors and chemicals and CTS.
Since CTS and exposure were self-reported, we cannot exclude an inverse causality bias
leading the workers most exposed to biomechanical wrist stressors and chemicals at baseline
to declare more CTS at follow-up. The definition of CTS lacked specificity leading to possible
misclassification bias and mild cases of CTS may have been under declared when answering
the questionnaire. Due to the lack of physical examination, we cannot exclude that some cases
of CTS were associated with finger flexor tendinitis or trigger finger because of overlapping
symptoms. The main potential personal and medical risk factors for CTS and/or peripheral
neuropathy (age, BMI, diabetes mellitus and/or arthritis, and alcohol consumption) were
taken into account by the statistical models. Tobacco consumption was not retained in the
models due to insufficient statistical fit of the models. Moreover associations between CTS and
smoking status is uncertain and have not been assessed with adequate power in occupational
studies [12,46]. Few chemicals were assessed and we cannot exclude exposure to other neuro-
toxic chemicals which may lead to possible misclassification of exposure. Because exposure
information was self-reported, error (misclassification) in exposure estimation may have
occurred due to poor recall.
Conclusion. This large prospective study showed higher risk of CTS in workers co-
exposed to both biomechanical wrist stressors and chemicals compared to non-exposed work-
ers, after adjustment for the main personal and medical factors. This finding supports the
hypothesis of potentiating effects of chemical exposure on the risk of CTS in workers exposed
to biomechanical wrist stressors. Nevertheless, future studies should confirm this result using
more objective case definition of CTS (e.g., surgical cases of CTS) and chemical exposure
assessment (e.g., job exposure matrix) before drawing conclusions on the synergic effects
between mechanical intra-carpal stress and neurotoxic impairment of the risk of CTS.
Supporting information
S1 Fig. Study population flowchart.
(TIF)
S1 File. Extract from the inclusion and follow-up questionnaires.
(DOCX)
S1 Table. Distribution of the occupational category and personal, and potential work-
related risk factors according the co-exposure groups in men (N = 8,733) and women
(N = 9,285). Nmiss: Number of missing values. In bold, P < 0.05. �: Test exact de Fisher. α:
Technicians and associate professionals perform mostly technical and related tasks and teach
at certain educational levels. Most occupations in this group require skills at the third ISCO
level (education which begins at the age of 17 or 18 years and leads to an award not equivalent
PLOS ONE Carpal tunnel syndrome and exposure to work-related ergonomic stressors and chemicals
PLOS ONE | https://doi.org/10.1371/journal.pone.0235051 June 25, 2020 12 / 16
to a first university degree). β: The blue collar worker’ category includes skilled agricultural,
forestry and fishery workers (ISCO-08 group 6) and agricultural, forestry and fishery labourers
(ISCO-08 group 9, elementary occupations).
(DOCX)
S2 Table. Univariate and multivariate risk models for CTS in male (N = 1,574) low grade
white collar and blue-collar workers. OR: odds-ratio; 95% CI: 95% confidence interval; BMI:
body mass index. In bold, P< 0.05. Model 1: Including personal and medical risk factors;
Model 2: Biomechanical wrist exposure added to model 1; Model 3: Chemical exposure added
to model 1; Model 4: Exposure to Biomechanical wrist stressors and chemical exposure includ-
ing a co-exposure group added to model 1.
(DOCX)
S3 Table. Univariate and multivariate risk models for CTS in female (N = 2,280) low grade
white collar and blue-collar workers. OR: odds-ratio; 95% CI: 95% confidence interval; BMI:
body mass index. In bold, P< 0.05. Model 1: Including personal and medical risk factors;
Model 2: Biomechanical wrist exposure added to model 1; Model 3: Chemical exposure added
to model 1; Model 4: Exposure to Biomechanical wrist stressors and chemical exposure includ-
ing a co-exposure group added to model 1.
(DOCX)
Acknowledgments
The authors would like to express their thanks to Nathalie Bonvallot and Joël Eyer for their
fruitful comments on the results.
Author Contributions
Conceptualization: Yves Roquelaure, Julie Bodin.
Data curation: Marcel Goldberg, Marie Zins.
Formal analysis: Vincent Rousseau, Julie Bodin.
Funding acquisition: Julie Bodin.
Software: Vincent Rousseau, Julie Bodin.
Supervision: Yves Roquelaure.
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